Present day metal cutting industry has to meet the challenges of productivity and the quality of the machined parts during the turning processes economically. In the present work, an attempt has been made to develop a model and predict the tool wear and nodal temperature of hard turned AISI D3 hardened steel using Response Surface Methodology (RSM). The combined effects of cutting speed, feed rate and depth of cut are investigated using contour plots. RSM based Central Composite Design (CCD) is applied as an experimental design. Al2O3/TiC mixed ceramic tool with a corner radius of 0.8 mm is employed to accomplish 20 tests with six centre points. The adequacy of the developed models is checked using Analysis of Variance (ANOVA). Main and interaction plots are drawn to study the effect of process parameters on output responses.
Introduction
Hard turning is the process of single point cutting of hardened ferrous material with a hardness value of more than 45 HRC in order to obtain finished workpieces directly from hardened parts. Increasingly, the growth of hard turning process has been indebted to the advent of new advanced tools such as Ceramic, Cubic Boron Nitride (CBN) and Polycrystalline Cubic Boron Nitride (PCBN) tools since 1970. Reduction in machining costs, elimination of cutting fluids, increase in the flexibility and efficiency, reduction in part-handling costs and finally decrease in the set-up times, when compared to grinding process, are the advantages of hard turning [1] - [3] . The advantage of hard turning is its dry environment; it is mostly carried out in the absence of lubricants. Aspects such as tool life and wear, surface finish, cutting forces, material removal rate, power consumption and cutting temperature (on tool and workpiece interface) decide the productivity, product quality and overall economy in manufacturing by machining. During machining, the consumed power is largely converted into heat resulting in high cutting temperature near the cutting edge of the tool. The amount of heat generated varies from the type of material being machined and machining parameters, especially cutting speed, which has great influence on the temperature [4] . Many of the economic and technical problems of machining are caused directly or indirectly by this heating action. In actual practice, there are many factors which affect these performance measures, such as tool variables workpiece variables and cutting conditions. Excessive temperatures directly influence the temperatures of tool face and tool flank and induce thermal damage to the machined surface [5] .
Earlier researchers have published works based on experiments to study the effect of cutting parameters on surface roughness [6] [7] . Jarah A. G. et al. [8] investigated machinability of FCD 500 ductile castiron using coated carbide tool in dry machining condition. Lalwani D. I. et al. [9] experimentally found that cutting parameters have influence on cutting forces and surface roughness of MDN 250 steel. Kaladhar et al. [10] optimised material removal rate during machining of AISI 304 austenitic stainless steel CVD coated cutting insert. It is necessary to select the most appropriate machining settings in order to improve cutting efficiency. Hence statistical Design of Experiments (DOE) and statistical or mathematical models are used quite extensively. Statistical DOE refers to the process of planning the experiments so that the appropriate data can be analyzed by statistical methods, resulting invalid and objective conclusions [11] . Davim J. P. and Figueira L. [12] have investigated the machinability evaluation in hard turning of cold work AISI D2 steel with ceramic tools using statistical techniques. It has been identified that the tool wear is highly influenced by the cutting velocity and in a smaller degree by cutting time. The specific cutting pressure is strongly influenced by the feed rate.
The optimum parameter selection is determined by the operators' experience, knowledge or the previous recorded data. If it was not done properly, it leads to decrease in productivity due to sub-optimal use of machining capability; this causes high manufacturing cost and low product quality [13] [14] . Sahin Y. [15] has compared the tool life of CBN and ceramic inserts in turning hard steels using Taguchi method. The effects of cutting parameters (cutting speed, feed, tool hardness) on tool life were determined by using ANOVA. As a result, it was concluded that the effects of cutting speed, tool hardness and feed rate on tool life were 41.63%, 32.68% and 25.22%, respectively. Adeel H. Suhail et al. [16] conducted experiments to optimize the cutting parameters on workpiece surface temperature and surface roughness by employing Taguchi technique and ANOVA. The results showed that the workpiece surface temperature can be sensed effectively as an "in-process signal" for cutting parameters optimization. As a result, it was seen that the V b value decreased as the cutting speed and the depth of cut increased; however, it has first decreased and then increased as the feed rate increased. On the other hand, the surface roughness decreased as the cutting speed increased. In contrast, surface roughness increased when the feed rate increased.
Anirban Bhattacharya et al. [17] investigated the effect of cutting parameters on surface finish and power consumption during high speed machining of AISI 1045 steel using Taguchi design and ANOVA. The result showed a significant effect of cutting speed on surface roughness and power consumption, while the other parameters have not substantially affected the response.
Zou et al. [18] used Al 2 O 3 /TiN-coated tungsten carbide tools for finish-turning of NiCr 20 TiAl nickel-based alloy under various cutting conditions and cutting forces, surface integrity and tool wear are investigated and the inter-diffusing and transferring of elements between Al 2 O 3 /TiN-coated tungsten carbide tool and NiCr 20 TiAl nickel-based alloy are studied.
In the present study, an attempt has been made to investigate the effect of process parameters (cutting speed, feed rate and depth of cut) on the performance characteristics (tool life and tool temperature) in finish hard turning of AISI D3 steel hardened at 62 HRC with Ceramic tool. The combined effects of the process parameters on performance characteristics are investigated while employing ANOVA. The relationship between process parameters and performance characteristics are modelled using RSM.
Experimentation
The work piece material used for experimentation is AISI D3. Test sample is trued, centred and cleaned by re- The cutting insert used is a mixed ceramic one, of square form with eight cutting edges and having the designation of SNGA 120408 T01020 Sandvik make CC6050 is a mixed ceramic grade based on alumina with an addition of titanium carbide. The high hot-hardness, the good level of toughness makes the grade suitable as first choice for hardened steel (50 -65 HRC) in applications with good stability or with light interrupted cuts. The inserts are mounted on a commercial tool holder of designation PSBNR 2525 M 12 (ISO) with the geometry of active part characterized by the following angles: χ = 75˚; α = 6˚; γ = −6˚; λ = −6˚. Three levels are defined for each cutting variable as given in Table 2 . The variable levels are chosen within the intervals as recommended by the cutting tool manufacturer. Three cutting variables at three levels led to a total of 20 tests.
Measurement of Tool Wear and Nodal Temperature
The nodal temperature of the machined samples were measured by the use of infrared the rmometer (make: Amprobe IR750) having temperature range of −50˚C to 1500˚C and with optical resolution of 10:1 and emissivity 0.1 -1 (adjustable). During the course of experimentation the tool flank wear of worn out inserts are measured with the help of a tool maker's microscope. The raw data presented in Table 3 for which analysis has to be graphically represented. The following sections present the detailed discussion.
Analysis of Results

Statistical Analysis
In RSM, the quantitative form of the relationship between the desired response and independent input process parameters can be represented by [19] .
( )
where Y is the desired response and f is the response function. In the present investigation, the RSM-based mathematical models for tool wear and Nodal temperature have been developed with cutting speed "Vc", feed rate "f" and depth of cut "d" as the process parameters. The response surface equation for three factors is given by [19] . 
where Y is desired response and o 1 33 a , a a  regression coefficients to be determined for each response. The regression coefficients of linear, quadratic, and interaction terms of RSM-based mathematical models are determined by [19] . Table 4 and Table 5 show estimated regression co-efficient for tool wear (V b ) and Nodal temperature after removing the insignificant terms. Table 6 and Table 7 present the ANOVA results which are performed to evaluate the statistical significances of the fitted regression model and factors involved therein for the response factors namely V b and surface temperature. ANOVA table is used to summarize the test for significance of regression model, test for significance for individual model coefficient. Output reveals that regression model is statistically significant for the selected response. Significant model terms are identified at 95% significance level. Goodness of fit was evaluated from R-Sq in order to check the reliability and precision of the model. In this case speed, feed, depth of cut, speed × feed, speed × depth of cut and feed × depth of cut are significant model terms. 
T 87.8667 7.3400 Vc 2.5280 f 2.3800 d Figure 4 shows main effects plot for tool flank wear. It is observed that the depth of cut strongly influences the flank wear. Speed and Feed rate also has an increasing effect. For the depth of cut, influence value is that highest and it has much higher levels of contribution. However, low depth of cut should be used in order to reduce the tendency to chatter. Therefore, if the tool work system is not very rigid, such as in cutting slender parts, very fine depth of cut should be employed to avoid chatter. flank wear is high. The combined effect of feed and depth of cut is also following the same trend as above. The combined effect of depth of cut on flank wear is more even with small changes in speed or feed. The main effects plot for Nodal temperature is shown in Figure 6 and it concludes that with speed Nodal temperature increases drastically as the amount of material removal is more. Where as feed and depth cut shows small change at low and medium levels but drastic change at higher level. The surge is seen in the graph as again one material removal is more.
Main Effect Plots and Interaction Plots for Tool Flank Wear and Nodal Temperature
From the interaction plots shown in Figure 7 it is evident that the Nodal temperature increases when speed combined with feed and depth of cut irrespective of low level or high level. The combined effect of feed and depth of cut with the other variables decreases first and then increases against low level to high level.
Contour Plots for Tool Flank Wear and Nodal Temperature vs Speed, Feed and Doc
Contour plots play a very important role in the study of the response surface. By creating contour plots for response surface analysis, the optimum is located by characterising the shape of the surface. Circular shaped con- 
3D Surface Plots
3D Surface plots of Tool flank wear vs. different combinations of cutting parameters are shown below. Figure  10 (a) presents the influence of depth of cut and feed rate on the tool flank wear, while the speed is kept at the middle level. Figure 10(b) shows the estimated response surface in relation to the depth of cut and cutting speed while feed is kept at the middle level. where speed kept at middle level. Figure 11(b) shows effect of depth of cut and speed when feed is kept at the middle level. Figure 11 (c) plots influence of feed and speed while the depth of cut is kept at the middle level. For each plot, the variables not represented are held at a constant value (the middle level). These 3D plots confirm the nodes observed during the main effects plots analysis. 
Conclusions
In this work, tool wear and workpiece temperature are analyzed to study the effects of cutting speed, feed rate and depth of cut in hard turning of AISI D3 cold work tool steel using CC6050 ceramic inserts. The conclusions are as follows.
1) The experimental results showed that the RSM design is an effective way of determining the optimal cutting parameters for achieving low tool wear and low Nodal temperature.
2) The significant parameters for Nodal temperature are cutting speed (145 m/min) and Depth of cut (0.6 mm). The feed has a little influence of the total variation.
3) The relationship between cutting parameters (cutting speed, depth of cut, feed) and the performance measures (tool wear and Nodal temperature) is expressed by multiple regression equation which can be used to estimate the expressed values of the performance level for any parameter levels.
